Introduction {#s1}
============

Prior studies reported the key role of insulin in regulating mitochondrial biogenesis ([@B1]--[@B3]) and fuel metabolism ([@B4]). Insulin deficiency in humans with type 1 diabetes (T1D) reduces mitochondrial ATP production ([@B5]) despite elevated whole-body oxygen consumption ([@B6],[@B7]), suggesting an uncoupled respiration. However, the molecular link between insulin levels, oxidative stress, and altered mitochondrial function remains unclear.

Mitochondrial function is determined by its proteome quantity and quality. Here we hypothesized that insulin deficiency alters mitochondrial proteome homeostasis (proteostasis) as a mechanistic explanation for altered mitochondrial physiology in diabetes. The rationale for this hypothesis is that insulin is a key hormone regulating muscle protein turnover ([@B8]--[@B10]), which is critical for maintaining not only protein concentrations but also protein quality and function. The effect of insulin on muscle protein synthesis varies considerably among different proteins ([@B11]). Insulin has been shown to stimulate muscle mitochondrial protein synthesis in swine ([@B2]) and when coinfused with amino acids in humans ([@B3]); yet, it does not affect synthesis of myosin heavy chain ([@B12]). These observations indicate that insulin selectively stimulates synthesis and expression of specific proteins with potential effect on mitochondrial function. Previous studies also demonstrated that ceramides and long-chain fatty acyl CoAs accumulate in muscle during insulin deficiency ([@B13]) and that oxidation of long-chain fatty acids (FAs) increase reactive oxygen species (ROS) production ([@B14]). Moreover, the composition of plasma acyl-carnitines are altered in T1D ([@B15],[@B16]) and type 2 diabetes (T2D) ([@B17],[@B18]), likely consequent to defective β-oxidation.

A critical question is whether insulin deprivation affects the expression of individual mitochondrial proteins that may explain altered mitochondrial fuel metabolism. Proteome analyses in heart muscle found upregulation ([@B19]) or downregulation ([@B20]) of β-oxidation proteins in different diabetic models. How insulin deficiency affects the mitochondrial proteome in skeletal muscle and whether changes in its proteome homeostasis could explain the muscle mitochondrial changes seen in diabetes are currently unknown. Moreover, most of the previous studies involving heart proteome and mitochondrial studies were performed only in insulin-deficient states mostly immediately after inducing diabetes by streptozotocin (STZ), and most lack a clinically relevant insulin-treated group. Moreover, studying insulin deficiency effect in STZ-induced mice treated with insulin after a period of stabilization will allow delineation of STZ effect. Inclusion of insulin-treated animals could also shed light on the possible alternations still present in skeletal muscle of diabetic mice treated by insulin by a peripheral route. Such knowledge would provide important mechanistic insight into insulin deprivation and peripheral insulin treatment on skeletal muscle metabolism in both insulin-treated and -deprived T1D. We accomplished this goal by induction of diabetes by double high-dose injection of STZ and subsequent treatment of STZ-induced diabetic mice with subcutaneous insulin implants, which ensure long-lasting glycemic control, which is hard to achieve in mice with an injectable insulin regimen.

Here we comprehensively evaluated skeletal muscle mitochondrial physiology in insulin-deprived STZ-induced diabetic mice (STZ−I) compared with nondiabetic (ND) controls and insulin-treated STZ-induced diabetic mice (STZ+I). Although exogenous insulin treatment cannot normalize all diabetes complications in humans, we sought to determine if exogenous insulin could normalize mitochondrial function and protein expression in STZ mice. The use of stable isotope-based high-throughput proteomics and lipidomic analyses in skeletal muscle allowed us to gain mechanistic insight into the effects of insulin deprivation and treatment on skeletal muscle oxidative metabolism.

Research Design and Methods {#s2}
===========================

Animals {#s3}
-------

Male 13-week-old C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) were acclimated for 1 week before the experiment in standard animal facility conditions. The protocol was approved by the Mayo Clinic Institutional Animal Care and Use Committee. Diabetes was induced by double high-dose intraperitoneal injection of STZ, as described previously ([@B13]), which generates animals without residual β-cell function. To exclude any adverse effects of acute STZ toxicity and other adverse factors, such as initial hypoglycemia and stress, we treated all diabetic animals with the subcutaneous LinBit insulin implant at 0.2 units/24 h, ∼8 U/kg/day (LinShin Canada, Inc., Toronto, ON, Canada). ND animals received implants without insulin. The initial 3-week insulin treatment ensured that animals regained weight and were well past the toxic effect of STZ.

After 3 weeks of insulin therapy, diabetic insulin-treated animals were randomly divided into STZ−I and STZ+I groups. The insulin was discontinued in the STZ−I group by removing implants, which resulted in return of the diabetic phenotype. Mice were killed 1 week later, and the quadriceps muscle was harvested for mitochondrial and proteomic analysis. Before the mice were killed, body composition was measured by MRI (EchoMRI, Houston, TX) and energy expenditure and physical activity were measured over 24 h by a cage calorimetry system, as described previously ([@B21]). Plasma glucose, ketones, HbA~1c~, and free FAs (FFAs) content were measured, as described earlier ([@B18]).

Mitochondrial Respiration {#s4}
-------------------------

Mitochondrial respiration and coupling efficiency was measured by high-resolution respirometry in isolated quadriceps skeletal muscle mitochondria, as described earlier ([@B22]). Combinations included isolated mitochondria only (respiratory state 1), 10 mmol/L glutamate and 2 mmol/L malate (state 2), 2.5 mmol/L ADP (state 3, complex I \[CI\]), 10 mmol/L succinate (state 3, CI+CII), 0.5 μmol/L rotenone (state 3, CII), 2 μg/mL oligomycin (state 4), 2.5 µmol/L carbonyl cyanide p-trifluoromethoxyphenyl-hydrazone (FCCP; protonophoric respiration uncoupler), and 2.5 µmol/L antimycin A (electron transport chain inhibitor). Measurements were performed in duplicate and averaged. Oxygen flux rates were expressed per tissue wet weight and per milligram of mitochondrial protein as measured by Pierce 660-nm protein assay.

Mitochondrial ATP Synthesis {#s5}
---------------------------

Mitochondrial ATP synthesis rates were measured by bioluminescence using a luciferin--luciferase reaction and Veritas Microplate luminometer (Turner BioSystems, Sunnyvale, CA), as described earlier ([@B1]). Substrate combinations included 10 mmol/L glutamate with 1 mmol/L malate, 20 mmol/L succinate with 0.1 mmol/L rotenone, 0.05 mmol/L palmitoyl-[l]{.smallcaps}-carnitine with 1 mmol/L malate, 1 mmol/L pyruvate with 0.05 mmol/L palmitoyl-L-carnitine, 10 mmol/L α-ketoglutarate, and 1 mmol/L malate.

Mitochondrial H~2~O~2~ Emission {#s6}
-------------------------------

Mitochondrial H~2~O~2~ production was measured by continuous monitoring of Amplex Red oxidation (Invitrogen Corp., Carlsbad, CA) using a Fluorolog 3 spectrofluorometer (Horiba Scientific, Kyoto, Japan), as described previously ([@B22]). Background fluorescence was measured in deenergized mitochondria (state 1 respiration), followed by stepwise addition of 10 mmol/L glutamate and 2 mmol/L malate (state 2, CI), 10 mmol/L succinate (state 2, CI+II), 2.5 mmol/L ADP (state 3 CI+II), 2 μg/mL oligomycin (state 4 CI+II), 0.5 μmol/L rotenone (state 4 CII), 2.5 µmol/L FCCP (uncoupled), and 2.5 µmol/L antimycin A (respiration inhibitor).

High-Throughput Differential Proteomic Analysis by Stable Isotope Labeling of Amino Acids in Cell Culture Mouse Approach {#s7}
------------------------------------------------------------------------------------------------------------------------

Quadriceps muscle tissue from fully labeled mice, generated by in vivo stable isotope labeling of amino acids (SILAC mice; ^13^C~6~-[l]{.smallcaps}-lysine, \>98% labeled in tissue proteins) was used as a reference standard to compare the relative expression of quadriceps muscle proteins in ND, STZ−I, and STZ+I mice (*n* = 6 per group) by mass spectrometry (MS), as described in the [Supplementary Data](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2). We used the Mascot protein identification engine and false discovery rate approach to identify peptides in MS spectra. Relative protein expression between experimental groups was measured using Rosetta Elucidator software weighted statistics. Vinculin was used as a loading control and revealed no significant differences in sample/SILAC mixing and SDS-PAGE sample loading ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). A detailed description of all of the identified and quantified proteins from ND, STZ--I, and STZ+I groups is contained in the [Supplementary Data](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2).

Pathway Analysis of Proteomics Data {#s8}
-----------------------------------

Pathway enrichment analysis was performed using IPA software (Ingenuity Systems, Inc., Redwood City, CA), as described earlier ([@B22]). Multiple data entries of the same protein were resolved by IPA software by filtering entries by their lowest *P* value. Only proteins with *P* \< 0.05 between groups were taken into consideration. To identify significantly affected pathways, the Fisher exact test was used, and *P* values were expressed as their --log~10~ derivatives (e.g., *P* \< 0.05 corresponds to *P* \> 1.301 on --log~10~ scale). In addition, we compared the resulting proteomic data set with the MitoCarta 2.0 mouse mitochondrial proteins database ([@B23]).

Semitryptic Peptides Detection and Quantification {#s9}
-------------------------------------------------

We followed a two-step workflow to detect and quantify semitryptic peptides from MS/MS data of each mice cohort (*n* = 3 per group). The details of this approach have been previously reported ([@B22]).

Mixed Muscle Protein Synthesis Rates {#s10}
------------------------------------

The fractional synthesis rates of mixed muscle proteins were measured in mice quadriceps skeletal muscle using [l]{.smallcaps}-\[ring-^13^C~6~\]phenylalanine (Cambridge Isotope Laboratories, Tewksbury, MA) and MS, as described earlier ([@B22],[@B24],[@B25]).

Immunoblotting {#s11}
--------------

Tissue was pulverized in LN~2~ and homogenized by sonication on ice in radioimmunoprecipitation assay buffer (Sigma-Aldrich, St. Louis, MO). After denaturation in loading buffer, samples were separated by and blotted to nitrocellulose membranes. Membranes were blocked in TBS Odyssey Blocking Buffer (LI-COR, Lincoln, NE) before being incubated overnight with primary rabbit, anti-mouse antibodies for the proteins of interest. Proteins were detected by infrared fluorescent detection (LI-COR Odyssey) using appropriate anti-mouse and anti-rabbit secondary antibodies (LI-COR).

Tissue Acyl-Carnitine Profiling {#s12}
-------------------------------

Skeletal muscle concentration of 30 acyl-carnitine species were measured using deuterated internal standards and liquid chromatography/MS/MS, as described previously ([@B26]). Individual carnitine and acyl-carnitines were quantified against the nearest labeled internal standard and standard curves prepared on synthetic compounds. The carnitine palmitoyltransferase 1 (CPT1) activity index was measured by dividing free [l]{.smallcaps}-carnitine value by the sum of C16 and C18 acyl-carnitines ([@B27]). Short-chain and very long-chain acyl-CoA dehydrogenase indexes were calculated according to Chace et al. ([@B26]).

Cell Culture {#s13}
------------

Differentiated C2C12 myotubes were prepared as described by Boyle et al. ([@B28]). To mimic insulinemia, differentiation was done in serum-poor medium without additional insulin. The differentiated myotubes were incubated for 15 h with albumin-conjugated palmitic acid in differentiation medium. Control cells were incubated with an equal concentration of BSA and ethanol/DMSO. Methylene cyclopropyl acetic acid (MCPA; short- \[SCAD\] and medium-chain \[MCAD\] acyl-CoA dehydrogenase inhibitor) was added to a medium at the concentration of 500 μmol/L just before its addition to the cells.

Oxygraph Studies in C2C12 Cells {#s14}
-------------------------------

Mitochondrial respiration in permeabilized C2C12 cells was measured according to Boyle et al. ([@B28]). Myotubes treated according to the experimental conditions were harvested, resuspended in mitochondrial respiration buffer, permeabilized with digitonin, and immediately transferred to an Oroboros Oxygraph-2K respiration chamber (∼1--1.5 × 10^6^ cells/2 mL; Oroboros Instruments Corp., Innsbruck, Austria). Compounds were added sequentially to a final concentration indicated: state 1, myotubes; state 2, 5 µmol/L palmitoyl carnitine and 1 mmol/L malate; state 3 (CI), 2 mmol/L ADP, 10 μmol/L cytochrome C, and 2 mmol/L glutamate; state 3 (CI+CII), 3 mmol/L succinate; state 4 (CI+CII), 2.5 μg/L oligomycin; uncoupled (CI+CII), 2.5 μmol/L FCCP; uncoupled (CI), 0.5 μmol/L rotenone; and AA, 2.5 µmol/L antimycin A. Experiments for control, palmitate, palmitate+MCPA, and MCPA alone were done in triplicate samples.

ROS Production in C2C12 Cells {#s15}
-----------------------------

Intracellular conversion of nitro blue tetrazolium (Sigma-Aldrich) to formazan by superoxide anion was used to measure the generation of ROS in C2C12 myotubes, as previously described ([@B29]).

Statistical Analysis {#s16}
--------------------

Statistical significance among groups for all the measurements, except differential proteomics, was estimated using ANOVA with the Tukey honest significant difference post hoc test. Significance level was set to *P* \< 0.05. Significant differences in individual protein expression from the proteomic data set were identified using the z-statistic, as described earlier ([@B22]).

Results {#s17}
=======

Body Composition and Biochemical Parameters {#s18}
-------------------------------------------

STZ--I were smaller and leaner than ND controls or STZ+I ([Supplementary Fig. 1*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). Although STZ--I had lower total body water, their hydration ratio was similar to ND controls, showing that diabetic animals were not dehydrated ([Supplementary Fig. 1*B* and *C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). As expected, plasma glucose, ketones, FFA, and HbA~1c~ were higher in STZ--I mice than in STZ+I and ND mice ([Supplementary Fig. 1*D*--*G*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). The respiratory quotient was lower in STZ--I compared with STZ+I or ND, indicating greater reliance on fat as a fuel substrate during insulin deprivation ([Supplementary Fig. 1*H*--*J*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). Total energy expenditure ([Supplementary Fig. 1*K*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)) and physical activity ([Supplementary Fig. 1*L*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)) were decreased in STZ--I and STZ+I, but the activity-normalized estimate of the resting metabolic rate was higher in STZ--I animals and restored in STZ+I ([Supplementary Fig. 1*M*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). These data indicate that insulin deprivation in STZ mice elicits whole-body metabolic changes characteristic of T1D ([@B6],[@B30]), which were largely reversed with exogenous insulin treatment, similar to previous observations in diabetic dogs ([@B31]). Elevated HbA~1c~ in STZ+I mice ([Supplementary Fig. 1*G*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)) is likely due to postprandial hyperglycemia (6:30 [a.m.]{.smallcaps} plasma glucose in STZ+I mice was 297 ± 28 mg/dL) that was not evident after 3 h of fasting before the experiment ([Supplementary Fig. 1*D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)).

Muscle Mitochondrial Dysfunction With Insulin Deprivation {#s19}
---------------------------------------------------------

Mitochondrial oxygen consumption and ATP production were measured in mitochondria isolated from quadriceps muscle. Maximal (state 3) and submaximal (states 1, 2, and 4) mitochondrial respiration were similar in all groups of mice ([Fig. 1*A*](#F1){ref-type="fig"} and [Supplementary Fig. 2*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). In contrast, insulin deprivation decreased the levels of mitochondrial CI, CII, and CV, which, with the exception of CII, were restored by insulin treatment ([Fig. 1*B*](#F1){ref-type="fig"}). Insulin deprivation lowered mitochondrial coupling efficiency. Decreased respiratory control ratios in STZ--I demonstrates greater mitochondrial proton leak ([Fig. 1*C*](#F1){ref-type="fig"}) and reduction in phosphorylation efficiency ([Fig. 1*D*](#F1){ref-type="fig"}). Consistent with the notion of mitochondrial uncoupling, mitochondrial ATP production rates were lower in STZ--I ([Fig. 1*E*](#F1){ref-type="fig"} and [Supplementary Fig. 2*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). Uncoupled respiration is accompanied by greater mitochondrial ROS emissions as insulin deprivation markedly increased H~2~O~2~ emissions, which were attenuated, albeit incompletely, by insulin treatment ([Fig. 1*F*](#F1){ref-type="fig"} and [Supplementary Fig. 2*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). Taken together, the parallel measurements of oxygen consumption and ROS production indicate that a greater percentage of mitochondrial O~2~ consumption was accounted for by ROS production in STZ--I compared with ND or STZ+I ([Fig. 1*G*](#F1){ref-type="fig"}). Interestingly, mitochondrial Mn superoxide dismutase (MnSOD) was decreased ([Fig. 1*H*](#F1){ref-type="fig"}). As an additional marker of compromised cellular energy status, AMP-sensitive adenylate kinase 1 expression was elevated with insulin deprivation ([Fig. 1*H*](#F1){ref-type="fig"}). Altogether, these results indicate that insulin deprivation disrupts mitochondrial function in the form of impaired mitochondrial ATP production, decreased phosphorylation efficiency, and greater ROS emission.

![Insulin deprivation adversely affects skeletal muscle mitochondrial physiology. *A*: Oxygen consumption (*J*O~2~) was not different across groups. Expression of mitochondrial respiratory CI and V proteins (*B*) and mitochondrial coupling efficiency, measured by respiratory control ratios (RCR) (*C*) and ADP:O ratio (*D*), was reduced by insulin deprivation and corrected by insulin treatment. *E*: Mitochondrial ATP production rate (MAPR) was significantly lower with insulin deprivation and restored with insulin therapy. *F*: Mitochondrial H~2~O~2~ emissions were elevated with insulin deprivation and partially reduced by insulin replacement across all respiratory states. *G*: O~2~ consumption as a percent of ROS was higher in STZ--I. *H*: Increase in mitochondrial ROS production was associated with downregulation of mitochondrial MnSOD. Increased expression of AMP-sensitive adenylate kinase 1 (AK1) confirms the low-energy state of skeletal muscle in insulin-deprived animals. Substrate combinations description: GM, glutamate and malate; SR, succinate and rotenone; PCM, palmitoylcarnitine and malate; PPKM, palmitoylcarnitine, pyruvate, α-ketoglutarate, and malate. Data are means ± SEM (*n* = 13 per group for mitochondrial functional measurements, *n* = 6 for Western blot measurements). AA, amino acids; AU, arbitrary unit. \**P* \< 0.05 vs. ND; \#*P* \< 0.05 vs. STZ--I group.](db150823f1){#F1}

Insulin Deprivation Decreases Mitochondrial Protein Expression and Shifts the Balance of Cellular Lipid Transport Proteins {#s20}
--------------------------------------------------------------------------------------------------------------------------

A SILAC mouse--assisted proteomic survey suggested that derangements in mitochondrial physiology could be explained by altered muscle proteome. A total of 149 proteins involved in energy metabolism were significantly altered in STZ--I mice compared with ND ([Fig. 2*A*](#F2){ref-type="fig"} and [Supplementary Table 2*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). Consistent with the measurements of mitochondrial function, mitochondrial proteins of electron transport chain (ETC), tricarboxylic acid (TCA) cycle, and β-oxidation were downregulated in STZ--I compared with ND. Paradoxically, the proteins involved in myocellular uptake of FAs were upregulated. Proteins involved in muscular glycolysis and glycogen breakdown were upregulated, whereas those involved in pyruvate generation and mitochondrial transport were downregulated. Altogether, these proteomics data indicate clear patterns of upregulated glycolysis and glycogen breakdown during insulin deprivation, decreased mitochondrial respiratory chain proteins, and increased muscle uptake of lipids.

![The effect of insulin deprivation and treatment on skeletal muscle proteome. *A*: Compared with ND, STZ--I exhibited reduced expression of mitochondrial proteins but increased proteins linked with FA uptake/transport and glycolysis/glycogen breakdown. These directional trends were reversed in STZ+I (*B*) but were still visible compared with ND (*C*). *D*: Protein markers of oxidative stress and ubiquitination were higher in STZ--I mice compared with ND, and proteins linked with protein synthesis were lower. These directional trends were reversed in STZ+I (*E*) to the levels comparable with ND mice (*F*). Only significantly affected proteins are shown on volcano plots (--log~10~ *P* \> 1.301). Individual protein names and expression values are given in [Supplementary Table 2*A--F*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2) for panels *A* to *F*, respectively.](db150823f2){#F2}

A comparison of STZ--I with STZ+I revealed 275 differentially expressed proteins, including 77 involved in energy metabolism ([Fig. 2*B*](#F2){ref-type="fig"} and [Supplementary Table 2*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). Insulin treatment upregulated expression of proteins involved in β-oxidation and FA uptake but downregulated glycolysis and glycogen breakdown, thus upregulating carbohydrate storage. Thus, we provide proteomic evidence that insulin treatment restored the expression of proteins related to FA transport and glycolysis, but not all proteins involved in mitochondrial respiration were restored. Compared with ND mice, STZ+I animals still displayed downregulation of mitochondrial proteins involved in ETC/TCA and β-oxidation, with lesser difference in the expression of FA transport and glycolysis-related one ([Fig. 2*C*](#F2){ref-type="fig"}, [Supplementary Fig. 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2), and [Supplementary Table 2*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). Overall, the data indicate that insulin deprivation markedly reduced the abundance of mitochondrial proteins involved in energy metabolism, including lipid oxidation, yet increased the abundance of proteins involved in cellular FA uptake. Although insulin treatment did not completely normalize the expression of mitochondrial proteins, there was a clear reversal of the FA transporters and glycolysis/glycogen breakdown proteins.

Proteomic Evidence of Oxidative Stress, Decreased Protein Synthesis, and Increased Protein Degradation With Insulin Deprivation {#s21}
-------------------------------------------------------------------------------------------------------------------------------

STZ--I mice demonstrated increased abundance of proteins involved in skeletal muscle oxidative stress compared with ND mice ([Fig. 2*D*](#F2){ref-type="fig"} and [Supplementary Table 2*D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). The expression of five nonmitochondrial antioxidant enzymes was significantly increased, whereas three mitochondria-targeted proteins were downregulated. A notable exception was observed for Parkinson protein 7 (PARK7/DJ-1), a redox-sensitive protein that regulates mitochondrial autophagy (mitophagy) ([Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). This observation suggests that insulin deprivation triggers a ROS-related compensatory mechanism at the level of mitochondria, which may increase mitophagy in STZ--I.

To address the above possibility, we focused on muscle proteins involved in the regulation of protein degradation and synthesis. Five ubiquitin-proteasome pathway proteins were significantly upregulated in STZ--I. Further, we used MS to measure the abundance of semitryptic peptides related to in vivo cellular protein degradation. Although the overall abundance of semitryptic peptides was similar in ND, STZ--I, and STZ+I groups, we observed significantly more peptides originating from mitochondrial proteins during insulin deprivation ([Supplementary Fig. 5](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)), indicating increased degradation of mitochondrial proteins.

The protein content of ribosomal proteins (18 subunits), three aminoacyl tRNA synthases, and four translation elongation factors (including mitochondrial TUFM) were significantly downregulated in the STZ--I group compared with the ND group ([Fig. 2*D*](#F2){ref-type="fig"} and [Supplementary Table 2*D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). Similar patterns were observed for four mitochondria-targeted and three cytosolic molecular chaperones. These proteomic changes suggest inhibition of protein synthesis in STZ--I animals, which was supported by decreased fractional synthesis rates of muscle proteins observed during insulin deprivation ([Supplementary Fig. 6](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). The effects of insulin deprivation on proteins involved in protein ubiquitination and protein synthesis were reversed by insulin treatment in STZ+I mice ([Fig. 2*E*](#F2){ref-type="fig"} and [Supplementary Table 2*E*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). The same was noted for mitochondrial PARK7/DJ-1 and mitochondrial semitryptic peptides content. Compared with ND mice, the STZ+I animals displayed similar expression of proteins involved in protein synthesis and degradation, with lower expression of those responsible for antioxidant defense ([Fig. 2*F*](#F2){ref-type="fig"} and [Supplementary Table 2*F*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). These results provide proteomic evidence consistent with increased oxidative stress on proteins during insulin deprivation that is resolved with insulin treatment.

Pathway Enrichment Analysis {#s22}
---------------------------

Pathway analysis was performed to provide additional insight into the major metabolic networks that were affected by insulin deprivation. Pathways involved in energy metabolism, oxidative damage, and protein synthesis were most affected in STZ--I ([Fig. 3*A*](#F3){ref-type="fig"} and [Supplementary Table 3*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). Mitochondrial energy metabolism and muscle protein synthesis were downregulated in STZ--I, whereas glycolysis, glycogen degradation, and oxidative damage--related pathways were upregulated. Insulin treatment partially corrected metabolic alternations by mostly upregulating pathways responsible for oxidative phosphorylation and protein synthesis and substantially downregulating glycolysis-related and oxidative stress response pathways compared with STZ--I ([Fig. 3*B*](#F3){ref-type="fig"} and [Supplementary Table 3*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). Of interest, pathways of fat oxidation and mitochondrial FA import (β-oxidation, [l]{.smallcaps}-carnitine shuttle) remained downregulated in STZ+I animals compared with ND. Compared with ND mice, the STZ+I animals displayed downregulation of mitochondrial metabolism and TCA cycle pathways and upregulation of glycolysis, albeit to a lesser degree than in STZ--I mice ([Fig. 3*C*](#F3){ref-type="fig"} and [Supplementary Table 3*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2)). Molecular pathways of protein synthesis, degradation, and oxidative damage were normalized in STZ+I animals compared with ND.

![Canonical pathways affected by insulin deprivation and treatment. *A*: Pathways affected in STZ--I compared with ND animals. *B*: Pathways affected by insulin treatment (STZ+I) compared with diabetic insulin-deprived (STZ--I) mice. *C*: Pathways that distinguish between STZ+I and ND mice. The middle column of each graph lists the pathway name and the overall pathway score presented as --log~10~ *P* value. The □ bars display the pathway --log~10~ *P* value score calculated using only downregulated proteins, whereas ■ bars depict the same variable using only upregulated proteins. Significantly affected pathways display the --log~10~ *P* value score \>1.3 (*P* \< 0.05). All significantly affected pathways from STZ--I vs. ND, STZ+I vs. STZ--I, and STZ+I vs. ND comparisons are listed in [Supplementary Table 3*A*, *B*, and *C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0823/-/DC2), respectively.](db150823f3){#F3}

Products of Defective FA β-Oxidation Accumulate in Skeletal Muscle of STZ--I Animals {#s23}
------------------------------------------------------------------------------------

[Figure 4*A*](#F4){ref-type="fig"} shows the expression profiles of 23 mitochondrial proteins that are involved in cellular FA uptake, mitochondrial FA uptake, acyl-carnitine efflux, and mitochondrial β-oxidation. To follow-up on the proteomic evidence of downregulation of muscle mitochondrial β-oxidation in the STZ--I group, we measured intramyocellular acyl-carnitines, which are biomarkers of inherited β-oxidation FA oxidation disorders ([@B32]). STZ--I mice accumulated short-chain (C2--C5) acyl-carnitines in skeletal muscle ([Fig. 4*B* and *C*](#F4){ref-type="fig"}). Analysis of CPT1 and SCAD activity indices suggest inhibition of CPT1 and SCAD ([Fig. 4*D*](#F4){ref-type="fig"}), which is in agreement with the proteomics and Western blot results ([Fig. 4*A* and *E*](#F4){ref-type="fig"}). Interestingly, insulin treatment normalized shortest-chain (C2 to C3) acyl-carnitine content, CPT1, and SCAD activity indices, yet significantly increased long-chain acyl-carnitine content and the long-chain acyl-CoA dehydrogenase (LCAD) index, suggesting inhibition of LCAD ([Fig. 4*A* and *D*](#F4){ref-type="fig"}). Moreover, accumulation of 3-hydroxy acyl-carnitine molecular species (total OH, [Fig. 4*D*](#F4){ref-type="fig"}) was evident in STZ+I. Together, these results provide evidence of insufficient FA oxidation in skeletal muscle in STZ--I, which could be explained on the basis of the paradoxical increase in FA transport proteins but decreased FA oxidative capacity.

![Both insulin deprivation and treatment leads to accumulation of acyl-carnitines and suggests incomplete fatty acid β-oxidation in skeletal muscle of T1D mice. Expression of FA intracellular transport and β-oxidation proteins is affected in insulin-deprived mice and not fully corrected by insulin replacement, as revealed by high-throughput proteomic analysis (*A*) and Western blot (*E*). Insulin deprivation increases skeletal muscle short-chain acyl-carnitine content (*B* and *C*) and elevates CPT1 and SCAD inhibition indexes (*D*). Insulin treatment corrects expression of proteins of intracellular FA uptake and short-chain FA β-oxidation (*A*) and reverses short-chain acyl-carnitine (SC-AC) accumulation and CPT1 and SCAD inhibition indexes (*B* and *C*) but leads to accumulation of medium-chain (MC-AC), long-chain (LC-AC), and 3-hydroxy (total OH) acyl-carnitine species (*B* and *C*) and increases the LCAD inhibition index (*D*). SC-AC, C2--C5 acyl-carnitines; MC-AC, C6--C12 acyl-carnitines; LC-AC, C14--C20 acyl-carnitines. Data are means ± SEM (*n* = 6 per group). AU, arbitrary unit; M/SCHAD, medium-/short-chain 3-hydroxyacyl-coenzyme A dehydrogenase. \**P* \< 0.05 vs. ND; \#*P* \< 0.05 vs. STZ--I group.](db150823f4){#F4}

Disruption of β-Oxidation in C2C12 Myotubes Under FA Load Leads to Mitochondrial Dysfunction {#s24}
--------------------------------------------------------------------------------------------

To determine whether disrupting β-oxidation under conditions of increased lipid load could trigger mitochondrial dysfunction in skeletal muscle cells, we measured mitochondrial oxygen consumption and ROS content of palmitate-treated C2C12 myotubes under β-oxidation inhibition. Because STZ--I mice exhibit metabolomic and proteomic signs of SCAD deficiency, we treated cells with MCPA, an inhibitor of SCAD and MCAD ([@B33]), and exposed cells to increased levels of palmitate. Treatment with MCPA suppressed respiration and coupling efficiency in the presence of palmitate but not in the absence of palmitate ([Fig. 5*A* and *B*](#F5){ref-type="fig"}). Inhibition of β-oxidation under lipid load led to significantly higher cellular ROS compared with control and palmitate-treated myotubes, which was visible only in the presence of palmitate and MCPA ([Fig. 5*C*](#F5){ref-type="fig"}). The results indicate that mitochondrial capacity and coupling are reduced and that ROS production is increased when β-oxidation is inhibited under conditions of high FA availability, thus recapitulating the mitochondrial phenotype of the insulin-deprived diabetic mice.

![Inhibition of β-oxidation in palmitate-treated C2C12 cells mimics mitochondrial disturbances observed in skeletal muscle of diabetic animals. Inhibition of β-oxidation by MCPA (SCAD and MCAD inhibitor) significantly decreases mitochondrial O~2~ consumption (*J*O~2~) (*A*) and mitochondrial coupling efficiency (respiratory control ratio \[RCR\]) (*B*) and elevates cellular ROS content (*C*) in C2C12 cells treated with palmitate. The adverse effects of β-oxidation inhibition were observed only under both palmitate and MCPA treatment (PA+MCPA) and were not observed in control cells treated with MCPA. PA, palmitate-treated cells; PA+MCPA, palmitate- and MCPA-treated cells; MCPA, control cells treated with MCPA. Data are means ± SEM (*n* = 3 per experiment). AA, amino acids; AU, arbitrary unit. \**P* \< 0.05 vs. control; \#*P* \< 0.05 vs. MCPA group; \$*P* \< 0.05 vs. PA group.](db150823f5){#F5}

Discussion {#s25}
==========

The current study demonstrates the pivotal role of insulin in regulating mitochondrial physiology. During insulin deprivation, the mitochondrial uncoupling and decreased phosphorylation efficiency occurred in combination with elevated mitochondrial ROS production. We demonstrate that these mitochondrial derangements induced by insulin deficiency are accompanied by an imbalance between muscle lipid availability and oxidation, which is likely the source of excessive oxygen free radical emission. Insulin deprivation increases mobilization of FAs, and we observed upregulation of proteins involved in intracellular FA uptake, transport, and acyl-CoA conversion yet downregulated proteins that are responsible for FA storage and de novo synthesis. Despite this apparent shift toward lipid utilization during insulin deprivation, proteins involved in mitochondrial FA--CoA import and β-oxidation were downregulated, demonstrating a mismatch between FA uptake and β-oxidative capacity. This mismatch offers a mechanistic explanation for accumulation of intramyocellular lipid metabolites and ceramides in STZ--I animals ([@B13],[@B34]).

The current study demonstrates that oxidative stress is elevated under conditions where lipid availability is high and β-oxidation capacity is decreased. Precedent literature links the oversupply of lipids with mitochondrial ROS production in muscle cell culture ([@B35]), rodent muscle ([@B36]), and in humans ([@B37]). Studies also suggest that plasma acyl-carnitine accumulation in T1D and T2D results from incomplete β-oxidation ([@B17],[@B18]). The current study offers a mechanistic link between these two phenomena. The proteome measurements in the current study demonstrate that insulin deprivation decreased the abundance of β-oxidation proteins and increased markers of CPT1 and SCAD inhibition, causing incomplete lipid oxidation in the form of short-chain acyl carnitines. Moreover, inhibition of β-oxidation in muscle cells induced ROS production and decreased mitochondrial function in the presence of increased lipid availability. These results indicate that mitochondrial ROS emission arises from increased FA abundance in combination with a defective β-oxidation, leading to accumulation of incomplete FA oxidation products. In addition, despite increased expression of proteins involved in glycolysis and glycogenolysis, elevated PDHK4 suggests inhibition of PDH complex and decreased entry of glucose-derived pyruvate into the TCA cycle ([@B34]).

Excess FA during insulin deprivation is expected to increase FA oxidation. FAs are natural ligands of skeletal muscle's peroxisome proliferator--activated receptor-α (PPARα) nuclear receptors, which regulate transcription of β-oxidation proteins. Surprisingly, we observed downregulation of PPARα-regulated proteins in muscle of STZ--I mice despite FA overload. Similar findings were shown in C2C12 myotubes treated with the CPT1 inhibitor etomoxir, where moderate suppression of FA oxidation triggered upregulation of PPARα signaling, whereas increasing inhibition led to profound downregulation of PPARα target genes ([@B38]). The inhibitory effect on PPARα signaling was dependent on increased oxidative stress, because antioxidants normalized PPARα signaling despite etomoxir treatment. In the current study, insulin deprivation triggered oxidative stress, which was accompanied by downregulation of most of the PPARα-dependent proteins, a finding consistent with decreased PPARα mRNA in STZ mice ([@B39]).

The effect of high ROS emission in STZ--I skeletal muscle is evident in the form of superoxide generation, DNA damage, increased protein degradation, and NRF2-mediated oxidative stress response. Reduced ROS-related damage to muscle proteins was found to be responsible for improved mitochondrial function in calorie-restricted older mice ([@B22]). Moreover, ROS-induced damage has been reported to cause decreased ATP production, which was ameliorated by stimulating mitochondrial DNA repair through mitochondria-targeted human OGG1 ([@B35]) or catalase ([@B40]) overexpression. These studies are consistent with our contention that decreased mitochondrial ATP production and coupling efficiency during insulin-deprivation results from increased mitochondrial ROS production consequent to imbalance between cellular FA uptake and oxidation. Indeed, insulin treatment of STZ mice increased mitochondrial coupling and phosphorylation efficiency, decreased oxidative stress, normalized plasma FFA and skeletal muscle lipid parameters ([@B13]), decreased short-chain FA β-oxidation products, and shifted whole-body metabolism toward carbohydrate utilization, as indicated by the higher respiratory quotient.

The reduction in mitochondrial efficiency during insulin deprivation is compounded by decreased abundance of mitochondrial proteins. Proteomic analysis of the current study revealed that most of the 51 subunits of mitochondrial respiratory complexes, as well as other molecules involved in ATP metabolism, such as adenine nucleotide translocases, mitochondrial solute carrier proteins, and many proteins localized to mitochondria, are diminished. Previous reports indicated that STZ-induced hypoinsulinemic mice show decreased expression of five subunits of respiratory complexes ([@B41]). The current study offers substantial support to the concept that insulin is a key regulator of mitochondrial biology ([@B1]). Specifically, insulin stimulated mitochondrial protein synthesis and mRNA expression in skeletal muscle of human and swine ([@B2]), increased mitochondrial oxidative capacity ([@B1]), and inhibited muscle protein degradation ([@B9],[@B42]). Conversely, short-term insulin deprivation in individuals with T1D decreases mRNA expression of several mitochondrial proteins in skeletal muscle ([@B5]), highlighting an important role for insulin in regulating mitochondrial biogenesis. Here we advanced these findings by demonstrating that molecular pathways responsible for mitochondrial (TUFM) and cellular (EIF2) regulation of protein synthesis are significantly downregulated in the absence of insulin, which is confirmed by decreased skeletal muscle protein synthesis rates.

The proteomic survey also revealed that insulin deprivation activated the ubiquitin/proteasome pathway of protein degradation, which is responsible for removal of misfolded or damaged proteins ([@B43]). These results are consistent with the substantial increase in muscle protein degradation reported based on isotope-based studies in insulin-deprived individuals with T1D ([@B8]). In addition, we observed the downregulation of all major classes of chaperones and also increased abundance of semitryptic peptides originating from mitochondrial proteins in STZ--I, supporting a notion that a selective degradation of mitochondrial proteins occurs in the insulin-deprived state, which was corrected by insulin treatment.

A likely cause of this phenomenon is mitophagy due to mitochondrial oxidative damage, as recently observed in HeLa cells ([@B44]). Recent studies indicate that the PARK7/DJ-1 protein can stimulate mitophagy and mitochondrial recycling in neuronal cells under excessive mitochondrial oxidative damage ([@B45],[@B46]). The current results indicate an accelerated mitochondrial protein degradation in skeletal muscle of STZ--I as increased ROS emission by muscle mitochondria is accompanied by decreased mitochondrial MnSOD expression, upregulation of PARK7/DJ-1, and elevation of semitryptic peptides of mitochondrial origin. Increased oxidative damage of mitochondrial proteins has led to defective β-oxidation due to inactivation of CPT1 protein by oxidative carbonylation ([@B47]). Therefore, reduced protein synthesis and increased autophagy are both likely responsible for the decrease in the content of mitochondrial proteins, leading to defective β-oxidation in STZ--I mice.

To our best knowledge this is the first study that links skeletal muscle mitochondrial energetic-to-proteome imbalance--based large-sale protein expression profile in diabetes. The purely proteomic study by Johnson et al. ([@B48]) in spontaneously diabetic BB-DP rats was able to identify only nine affected proteins, of which five were of blood plasma origin. Their study reported upregulation of ATP synthase and downregulation to enolase. We found some molecular similarities, with more numerous articles on proteome changes in T2D. The similar downregulation of PARK7/DJ-1 protein and increase in oxidative stress--related pathways was reported in myotubes derived from subjects with T2D, although accompanied by upregulation of mitochondrial, TCA, and ETC proteins, which is in clear opposition to our findings ([@B49]). The differences are likely due to the treatment status and studying insulin-deficient versus insulin-deprived states. More similarities in skeletal muscle protein expression can be drawn between the current study and the results of Hwang et al. ([@B50]) regarding mitochondrial protein alternations and abundance of proteasomal proteins, albeit the latter study focused on T2D and obese individuals. Those data together indicate that although some molecular similarities exist between T1D and T2D skeletal muscle proteomes, the overall effect is significantly different, presumably due to the systemic insulin concentrations and tissue insulin resistance in T2D.

Insulin replacement did not completely restore the loss of mitochondrial protein abundance, β-oxidation enzymes, mitochondrial ROS emissions, or acyl-carnitine profile despite reversal of the diabetic phenotype, although protein synthesis and oxidative stress--related pathways returned to ND level. Interestingly, compared with controls, STZ+I animals had lower expression of FAs uptake and β-oxidation proteins, which shows that skeletal muscle lipid metabolism is still defective, even under insulin treatment. This suggests that some aspects of mitochondrial dysfunction can prevail in T1D when insulin therapy fails to fully restore HbA~1c~ levels to the same level as ND mice. Here, STZ mice that received exogenous insulin exhibited normalized plasma glucose in the fasted state, but postprandial glucose levels remained elevated, which frequently occurs in individuals with T1D ([@B51]). The same can be noted for plasma FFA content, which can show excessive postprandial elevation in patients with T1D compared with normal subjects ([@B52]). Postprandial FFA elevation additionally exacerbates hyperglycemia, possibly due to induction of fat-related insulin resistance ([@B53]--[@B55]). Many metabolic abnormalities are observed in diabetic dogs receiving insulin via systemic routes versus the portal route ([@B31]) that may also explain why not all proteomic/metabolic abnormalities are fully normalized by systemic insulin administration in STZ mice. Antioxidant treatment was shown to improve skeletal muscle mass, decrease protein ubiquitination and autophagy ([@B56]), reduce postprandial hyperglycemia and skeletal muscle oxidative stress mediators, enhance plasma antioxidant capacity ([@B57]), and, finally, improve mitochondrial function in STZ-induced diabetic mice ([@B58]).

The substantial body of current research underlines the importance of excessive lipid overabundance in the induction of metabolic derangements in all major body tissues. Although the current study shows that lipid-driven ROS production is the major contributor of mitochondrial dysfunction in skeletal muscle of STZ-induced diabetic mice, the other components of the T1D phenotype can affect mitochondrial physiology. Hyperketonemia is associated with increased vascular and immune cells ROS production ([@B59]) and also exerts mitoprotective effects in neuronal cells ([@B60]--[@B62]). Contrary to FAs, ketone bodies increase ROS in endothelial cells by unknown mechanism. Moreover, mitochondrial FA metabolism in T1D is hard to dissociate from ketones generation. Other factors, such as hyperglycemia, although associated with mitochondrial dysfunction, contrary to FAs, are unable to induce mitochondrial dysfunction in C2C12 myotubes ([@B63]). Finally, hypoinsulinemia and insulin resistance both associate with skeletal muscle mitochondrial dysfunction, suggesting that our findings are solely dependent on insulin action in skeletal muscle. Results by Sleigh et al. ([@B64]) and Kristensen et al. ([@B65]) showed that people with insulin receptor (INSR) mutation display mitochondrial dysfunction under normoglycemia, although involvement of intramuscular lipid accumulation was not ruled out in this study. In both studies, INSR mutants showed an increase in circulating FFA under basal or clamp conditions. Neither study excluded the possibility that increased FAs overabundance, intramuscular transport, and FA-driven ROS production are the major factors causing mitochondrial functional changes. Moreover, the observation by Kristensen et al. ([@B65]) that INSR mutants displayed a trend toward the decreased activity of β-HAD (β-hydroxy--acyl-CoA dehydrogenase, enzyme of β-oxidation pathway), noticeable only under lipid overload, supports our hypothesis that mismatch between FAs supply and oxidation drives ROS-related mitochondrial dysfunction in skeletal muscle.

Describing the rationale of the model that we have used is important. The model that has been extensively used in humans with T1D to study the effect of insulin deficiency involves transient withdrawal of insulin treatment ([@B7],[@B66],[@B67]). We used a similar approach in our STZ-induced diabetic mice treated with an insulin implant. These animals had no residual β-cell activity, and insulin withdrawal allowed us to observe the changes attributed solely to insulin deficiency, without interference of STZ toxicity, immediate insulinitis, hypoglycemia, and effects of stress, such as starvation, and inactivity caused by the T1D induction protocol. We treated all STZ-induced diabetic animals with insulin implants until normalization of body composition and glycemic control and then withdrew the insulin for a week. In contrast to other models of multiple low-dose STZ injections or spontaneously diabetic mice, such as NOD or Akita mice, BB rats display variable time of onset and degree of diabetes due to residual β-cell function ([@B68],[@B69]). From a translational point of view, the model that we have used is the most appropriate in the study of the molecular effects of insulin deprivation and treatment.

In summary, the current study demonstrates that insulin deprivation in STZ-induced diabetic mice leads to a profound disturbance of energy metabolism and multilevel disruption of mitochondrial function in skeletal muscle. Specifically, insulin deprivation markedly reduced mitochondrial ATP synthesis, phosphorylation, and coupling efficiency and resulted in high ROS emission. These changes occur in association with increased expression of intramyocellular FA transport proteins despite decreased expression of proteins involved in mitochondrial FA-CoA import and β-oxidation that may explain the marked accumulation of incomplete lipid oxidation products in skeletal muscle of insulin-deprived animals. The current results demonstrate that insulin deprivation alters the balance of proteins involved in FA transport and oxidation, leading to impaired mitochondrial function and increased oxidative stress in skeletal muscle.
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